Introduction
Supramolecular capsules have attracted continuous attention since Rebek introduced his famous hydrogen-bonded "tennis ball" in 1993.
1 A plethora of examples have been described in the literature, which feature a broad range of different binding motifs such as hydrogen bonding, 2 metal coordination, 3 ionpair interactions, 4 or more recently, halogen bonding.
5-8
Among these interactions, the strength and directionality of the halogen bond (XB) renders it exceptionally promising for the development of novel, structurally well-dened supramolecular complexes.
9
The halogen bond is a noncovalent interaction between a polarized halogen atom and a Lewis base.
10 Positively charged iodonium ions are a special case of XB donor, as they can bind two Lewis bases in a three-center-four-electron bond.
11, 12 Since these two Lewis bases can be identical, building block synthesis for larger supramolecular assemblies is more easily achieved, as no attention needs to be paid to complementary couples of matching XB donors and acceptors. This renders iodonium ions excellent synthons for the self-assembly of novel supramolecular capsules. 6, 7, 13 The structural analysis of large supramolecular capsules, 14 as well as the investigation of their dynamic rearrangements in condensed phase are challenging. 15, 16 Self-assembly and selfsorting processes can be very fast, produce transient intermediates, or numerous products of low abundance. Standard condensed phase techniques, such as NMR, oen struggle to provide information on the composition of these mixtures due to substantial signal superposition or fast dynamic processes averaging the signal positions. Moreover, the ability to target individual complexes in the mixture to conduct a detailed structural analysis is limited. However, these analytical shortcomings can be readily overcome by complementary gas-phase techniques.
17
Electrospray ionization (ESI) is a so ionization method capable of transferring even large noncovalent complexes from solution into the gas phase with minimal to no fragmentation.
18
The transfer of ions into the gas phase interrupts the operation of underlying solution equilibria, thereby enabling their separation and subsequent analysis. Mass spectrometry (MS) offers a range of gas-phase experiments to investigate the structure and reactivity of a mass-selected ion of interest.
19 Moreover, traditional MS experiments can be augmented with orthogonal separation techniques such as ion mobility spectrometry (IMS), which adds another dimension by separating analytes beyond their mass-to-charge (m/z) ratio. In a dri tube IMS (DT-IMS) experiment, ions are guided by a weak electric eld through a dri tube lled with an inert buffer gas typically at pressures of a few millibars. During their migration, more extended ions are decelerated by a larger number of collisions with the buffer gas than compact ions of the same m/z and, as a result, leave the IMS cell aer longer dri times. Consequently, the combination of IMS and MS to ion mobility-mass spectrometry (IM-MS) accomplishes ion separation not only based on their m/z, but also differences in charge, size, and shape. 20 The dri time of an ion can be further converted to a collision cross section (CCS), which represents an intrinsic molecular property independent from instrumental parameters. 21, 22 Comparison of CCS values to reference experimental or theoretical values can provide quite detailed insight into the molecular structure. Hence, the characterization of supramolecular complexes in solution can largely benet from gas-phase techniques such as MS and IMS.
23
Theoretical modelling of large supramolecular complexes presents challenges due to their size and delicate balance of various forces governing their stability. Grimme et al. presented quantum chemical calculations on a neutral halogen-bonded, heterodimeric capsule using semi-empirical methods tailored for the treatment of such systems. 24 Alternatively, composite methods, in which a more advanced quantum-mechanical treatment of the XB can be combined with a lower level of theory for the remaining framework of the capsules, 25 offer a feasible solution to study larger complexes.
Recently, we reported the synthesis and characterization of dimeric and hexameric halogen-bonded capsules selfassembling from the different pyridyl-substituted resorcin [4] arene cavitands C D and C H and positively charged iodonium ions through coordinative [N/I + /N] halogen bonds (Scheme 1 
Material and methods

Sample preparation
For the assembly of the [N/I + /N] halogen-bonded dimeric capsule 1, the hexameric capsule 2, and the pentameric capsule 3 (1 mM), a solution of the corresponding cavitand C D (for 1, 1 eq.) or C H (for 2 and 3, 1 eq.) was rst mixed with AgOTs (2.0 eq.), stirred for 1 h and subsequently treated with I 2 (2.5 eq.), stirred for 20 min and centrifuged to remove precipitated AgI from the mixture. Dimeric and pentameric capsules (1, 3) were assembled and investigated using dichloromethane as the reaction and electrospray solvent; for the hexameric capsule 2, chloroform was used instead.
6,7
Electrospray ionization mass spectrometry
Positive-mode electrospray ionization quadrupole-time-of-ight high resolution mass spectrometric (ESI-Q-TOF-HRMS) experiments were performed with a Synapt G2-S HDMS (Waters Co., Milford, MA, USA) instrument. The following settings were used: ow rate 5-10 mL min À1 , capillary voltage 3.3 kV, sample cone voltage 40 V, source offset 80 V, source temperature 90 C, desolvation temperature 250 C, nebulizer gas 6 bar, desolvation gas ow 500 L h À1 . For collision-induced dissociation (CID), N 2 was used as the collision gas. Fragmentation experiments were conducted in the trap cell of the Synapt G2-S HDMS instrument with collision energies of 2-25 V. Data acquisition and processing was carried out using MassLynx™ (version 4.1).
Dri tube ion mobility-mass spectrometry
Measurements to obtain experimental collision cross sections ( DT CCS He ) have been conducted on an in-house-constructed DT-IM-MS instrument (iMob), which is described in detail elsewhere. 26 Briey, ions are generated using a nano-electrospray ionization (nESI) source and subsequently pulsed into an ion mobility cell in which they travel under the inuence of a weak electric eld (10-15 V cm
À1
) through helium buffer gas ($5 mbar). Aer ion separation in the ion mobility cell, the ions of interest are m/z-selected using a quadrupole mass lter and their arrival time distributions (ATDs) are recorded by measuring their time-dependent ion current. ATDs have been recorded at six different dri voltages (950-1200 V) and were tted by Gaussian functions. The center of each Gaussian corresponds to the dri time of a single species and is further converted into a DT CCS He using the Mason-Schamp equation.
21,22
Theoretical calculations
The size of the capsules under consideration prohibits full treatment at the density-functional theory level. To decrease the computational effort while maintaining the quantum mechanical description of the halogen bond, the multilayered ONIOM method was used as implemented in the Gaussian09 rev.D01 code. 27 The DFT level of theory has been applied to the iodonium ions, the pyridine groups and the tosylate counterions (see Fig. 2 ), while the cavitand scaffold was described with the semi-empirical AM1 method.
28
To choose a suitable exchange-correlation density functional, we rst evaluated the performance of commonly used methods on the [pyridine/I + /pyridine] model system. The structure has been optimized at the MP2 level of theory with a def2-TZVP basis set and the binding energy has been calculated. Next, the binding energy of various functionals in def2-type 29 basis sets were computed (see ESI, Table S1 ‡) and compared with MP2/def2-QZVPP single-point energies. Among the tested methods, the PBE0 30 hybrid exchange-correlation functional in a small def2-SVP basis set yields a small absolute error of 8.8 kJ mol À1 which promises a good balance between accuracy and tractability of calculations. Moreover, the comparison of geometric parameters of the [pyridine/I + pyridine] model system optimized at the PBE0/def2-SVP level of theory with the corresponding MP2-optimized complex resulted only in very minor geometrical differences. Hereaer, we will refer to the ONIOM(PBE0/def2-SVP:AM1) method used in this work simply as DFT/AM1. The theoretical collision cross sections ™CCS He were calculated using a trajectory method, as implemented in the Mobcal program. 31 We used a uniform charge model for all atoms and adopted silicon parameters for the iodonium ions.
All calculated structures were optimized with the n-hexyl sidechains in a fully extended zigzag conformation. The CCS values derived from such arbitrary structures are likely to be overestimated by some constant increment per cavitand associated with the exibility of the side chains. Therefore, we introduced a correction which was estimated as follows: a short molecular dynamics simulation was performed for a dimeric capsule for which the halogen-bonds were constrained to equilibrium bond lengths and angles, as derived from the [pyridine/I + /pyridine] model. 32 Next, we extracted 30 random snapshots which featured n-hexyl chains in diverse orientations. The n-hexyl dihedral angles were translated to a preoptimized capsule and the structure was again reoptimized at the DFT/AM1 level of theory. The geometry-optimized structures, which span several kJ mol À1 energy range, exhibit CCS 28Å. The twist between two capsules is signicantly smaller than that observed in the previously reported crystal structure for the silver-coordinated precursor capsule. 6 The smaller twist can be attributed to the linearity of the halogen bonds with N-I-N angles close to 180 degrees, whereas the [N/Ag + /N] motif adopts an angle of 150-160 degrees.
6,12
For calculations of capsular complexes with one tosylate counterion, several different starting structures were considered, which included positions of the anion inside and outside of the cavity (see ESI, Fig. S10 ‡) . A tosylate ion inside the cavity has been found to be more stable, however, the energy preference is small (<4 kJ mol À1 ). In the optimized geometry, the tosylate anion does not interact with any iodonium ion directly, (Fig. 2b) . 33 The insertion of the second tosylate ion into the cavity leads to a cooperative stabilization of 35 kJ mol À1 -more than any other position around the capsule. Their antiparallel arrangement does not only reduce charge repulsion, but forms stabilizing van der Waals interactions between the two aromatic rings of the tosylates (Fig. 2c) are again very similar to each other, suggesting that an additional counterion does not have a signicant inuence on the overall shape (Fig. 3) . The DFT/AM1-optimized structure of the hexameric capsule is an octahedron held together by twelve linear [N/I + /N] bonds along the edges with N/I + distances of 2.29Å (Fig. 4a) . Tosylate ions can attach to this capsule in several accessible locations: in the proximity of the halogen bond as observed inside the dimer or above the upper rim of the cavitand, located in between two pyridine units and stabilized (Fig. 4b, inset) . The calculations predict that the latter binding mode, above the upper rim and inside a pocket of the cavitand, is more favourable by 31 kJ mol À1 .
Accordingly, six spatially distributed binding pockets at such positions provide binding sites for six tosylates (Fig. 4b) ). PBE0/def2-SVP was used for I + , pyridines and tosylates (ball-and-stick representation); AM1 for the cavitand scaffold (stick representation). For clarity, the n-hexyl chains are omitted in the images. (Fig. 3 ). An anion-binding mode with tosylates bridging two adjacent pyridine rings of the same cavitand by multiple [C aryl -H/O À ] interactions is proposed. It also appears to be well-suited in terms of size and shape complementarity of this host-guest complex.
Solvent-dependent formation of pentameric capsules
Structure elucidation. Upon successively exchanging chloroform as the solvent by dichloromethane, a solvent-dependent transition of the hexameric capsule 2 into a novel pentameric complex (3, Scheme 2) was observed. To investigate the effect in more detail, we rst conducted the assembly of cavitand C H with silver(I) p-toluenesulfonate in dichloromethane, which clearly gave the silver-coordinated hexameric capsule 4 (ESI, Fig. S4 ‡) Fig. S3 ‡) . A rather complex NMR spectrum with several sets of rather broad signals at positions comparable to the NMR spectrum of the hexamer is obtained for 3. This suggests the formation of an assembly of lower symmetry and/ or the formation of a mixture of different assemblies. A straightforward signal assignment is, however, impossible. The corresponding ESI mass spectrum (90 mM in CH 2 Cl 2 ) clearly shows the selective formation of a halogen-bonded pentamer 3 (Fig. 5) . The almost exclusive appearance of pentameric species, instead of a non-specic distribution of oligomers, strongly suggests stable and well-dened structures to form. The signals can be assigned to charge states 6+ to 3+ and the most abundant signal of each charge state belongs to a complex with a formal observed, neither in this nor in our previous study. (Fig. 6b) . In contrast to the hexameric capsules, the binding sites are not equivalent anymore; the tosylates prefer to populate the more remote apical cavitands rst, and then bind to more crowded equatorial cavitands.
The ATD obtained for the [5$C H + 9I + 4$OTs] 5+ ion in a DT-IM-MS experiment shows a single narrow peak which is consistent with the presence of a well-dened species in the gas phase (Fig. 7) . The difference in size and shape of the two possible congurational isomers of capsule 3 is apparently not sufficient to differentiate the species in the ATD. The measured DT CCS He for capsule 3 of 1286Å 2 is approximately 20% smaller than that of the hexameric capsule 2. The optimized structure of the pseudo-trigonal bipyramidal pentamer capsule, with four tosylates occupying the cavity, yielded a calculated ™CCS He value of 1279Å 2 which is in excellent agreement with the experimental value. These results conrm the discovery of a new type of large, well-behaved supramolecular complex based on [N/I + /N] halogen bonds. This is the rst example of a resorcinarenebased pentameric supramolecular capsule. The selective formation of pentameric capsules illustrates the possible interplay of preorganized, but inherently exible cavitands and directional halogen bonds being modulated by a third factorsolvent effects. Solvent-induced transformations in discrete supramolecular assemblies have been described for numerous other systems and are most likely to arise from changes between protic/aprotic and polar/apolar solvents. 16 However, examples which feature the change between two very similar solvents, as in our case chloroform and dichloromethane, are extremely rare which makes this nding especially intriguing.
24
Self-assembly most oen leads to the smallest possible, not too highly strained assembly in which all binding sites are coordinatively saturated. This is the best compromise between entropic (particle number) and enthalpic effects (avoiding strain and unsaturated binding sites). It is thus surprising that a solvent effect can be large enough to energetically overcome the energetic penalty associated with two pyridine binding sites remaining unsaturated. However, when considering all effects that come into play here, the hexamer / pentamer rearrangement appears reasonable: (i) Dichloromethane has a signi-cantly higher polarity than chloroform as expressed in their dielectric constants 3 of 8.93 and 4.81, respectively, and thus provides better solvation to the free pyridines. (ii) More pentamers can form from the same number of building blocks, increasing particle number and thus entropy. (iii) The formation of mixtures of isomers also contributes to a favourable entropy of the pentamer. (iv) Space lling 34 of the voids between the encapsulated tosylates inside the capsules with solvent molecules likely contributes differently for the hexamer (larger voids) and the pentamer (smaller voids). Chloroform and dichloromethane differ in size and might therefore template the assembly of one complex or the other by providing a more optimal lling of this particular cavity. 35 All these (and maybe more) effects help balancing the energetic penalty arising from leaving two binding sites open. We therefore propose an equilibrium between the hexameric and the pentameric capsules which is susceptible to the small shi in energetics associated with the solvent change.
Solvent-dependent switching. To account for this hypothesis, a switching experiment was performed (see ESI, Scheme S1, Fig. S1 , S2 and S5 ‡). A 1 mM sample solution of hexameric halogen-bonded capsule 2 in chloroform was diluted using different ratios of chloroform to dichloromethane, resulting in a constant sample concentration of 0.1 mM, but different solvent ratios. These samples were analyzed by ESI-MS two minutes aer dilution. The mass spectrum of the sample in pure chloroform reveals the presence of the intact octahedral hexameric capsule in form of a prominent peak at m/z 1662 ([6$C H + 12I + 6$OTs] 6+ , Fig. 8a, top) . Upon increase of the dichloromethane fraction to 50%, signals corresponding to pentameric complexes appear in the spectrum at m/z 1602, 1637 and 1672 (Fig. 8a, center) . When the ratio of chloroform to dichloromethane is at 1 : 9, the hexameric capsule vanishes and the pentamer prevails (Fig. 8a, bottom) . Note that the remaining peak at m/z 1662 belongs to a dimeric ion which is likely an ionization artifact. The experiment can be carried out in the opposite direction as well. Starting from a clear solution (1 mM) of pentameric halogen-bonded capsule 3 in dichloromethane, dilution of the sample to 0.1 mM in a 1 : 1 mixture of chloroform and dichloromethane leads to a mixture of pentameric and hexameric complexes in a very similar ratio as observed in the rst experiment (Fig. 8b, center ). An increase of the amount of chloroform to 90% of the spray solvent gives exclusively hexameric complexes (Fig. 8b, bottom) . These switching experiments indeed demonstrate the solvent-dependent equilibrium between the two capsules 2 and 3.
A CID tandem MS experiment provides evidence that the hexamer-pentamer transition is solely taking place in solution. No gas-phase rearrangement leading preferentially from hexameric to pentameric complexes was observed (see ESI, Fig. S6 and S7 ‡).
These results emphasize the certainly unexpected solvent effects and clearly demonstrate the halogen-bonded hexameric capsule to be a stimuli-responsive assembly, which reacts to changes in its environment by substantial structural rearrangements.
Conclusions
The bonds along the edges and two of the ve incorporated cavitands partially uncomplexed. We demonstrate that this fascinating and rather unexpected equilibrium between the hexameric and the pentameric complex originates solely from a subtle change of solvent from chloroform to dichloromethane. This stimuli-responsive rearrangement is rationalized by a combination of microsolvation, space-lling, and different entropic contributions. Moreover, we provide rst evidence for the anion guestbinding in the different [N/I + /N] halogen-bonded capsules by a combination of experimental and theoretical gas-phase methods. Each cavitand incorporated into the dimeric, 12 Furthermore, this is also in marked contrast to the anion binding of the silver-coordinated, dimeric precursor capsule, for which X-ray crystal structure analysis showed the anions to be located outside the cavity and in direct interaction with the silver cations. 
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